The horizontal steam generator (SG) is one of specific features of Russian-type pressurized water reactors (VVERs). The main advantages of horizontal steam generator are connected with low steam loads on evaporation surface, simple separation scheme and high circulation ratio. The complex three-dimensional steam-water flows in the steam generator vessel influence significantly the processes of the steam separation, distribution, and deposition of the soluble and nonsoluble impurities and determine the efficiency and reliability of the steam generator operation. The 3D code for simulation of the three-dimensional steam-water flows in the steam generator could be effective tool for design and optimization of the horizontal steam generator. The results of the code calculations are determined mainly by the set of the correlations describing interaction of the steam-water mixture with the inner constructions of the SG and interfacial friction. The results obtained by 3D code STEG with the usage of the different interfacial friction correlations are presented and discussed in the paper. These results are compared with the experimental ones obtained at the experimental test facility PGV-1500 constructed for investigation of the processes in the horizontal steam generator.
Introduction
The complex three-dimensional steam-water flows in the steam generator vessel influence significantly the processes of the steam separation, distribution, and deposition of the soluble and nonsoluble impurities and determine the efficiency and reliability of the steam generator operation [1] . The computer code for reliable simulation of the three-dimensional steam-water flows in the steam generator volume with complex geometry, inner constructions, and distributed heat sources will be effective tool for design and optimization of the complex heat-exchange equipment similar to the horizontal steam generator.
Up to date, several computer codes were developed for simulation of the three-dimensional thermal hydraulic processes in the complex geometries [2] [3] [4] [5] [6] [7] [8] [9] . These codes were based on the methods of the multifluid dynamics [10] with the assumptions that considered medium consists of the several interpenetrative and interacting fluids (in the case of the steam generator, there are two fluids: water and steam). Each fluid is characterized by the volume fraction, density, velocity, and temperature. The equations of mass, momentum, and energy conservation with the terms describing interfacial interaction are derived for each fluid by the standard methods. The terms describing interfacial friction and terms describing interaction of the steam-water mixture with the inner constructions influence significantly the results of the simulation of the flows under consideration.
The development, analysis, and systematization of the interfacial friction correlations were fulfilled during the development of the system thermal-hydraulic codes RELAP5, TRAC, CATHARE, and so on. In this activity, several typical flow patterns of the steam-water mixture were identified (bubble flow, dispersed flow, and so on), and for each pattern, the interfacial friction correlations were deriven. It was assumed that the flow pattern for each local point could be one of the patterns identified earlier depending on void fraction, mass flow rate of the steam-water mixture, or another parameter determined by a so-called map of the two-phase flow regimes. A large number of the tests devoted to the investigation of the steam-water flows were analyzed by these thermal-hydraulic codes. These codes demonstrate enough predictive capability of the two-velocity two-temperature models supplemented to the flow regime map. It should be mentioned that the majority of these tests were devoted to the investigation of the flows in the pipes, and the tests were simulated by the one-dimensional thermal-hydraulic codes. The computer code STEG was developed for numerical simulation of the three-dimensional flows of the steamwater mixture and distribution of the soluble impurities in the steam generator [11, 12] . The code was validated on the restricted number of data of measurements carried out at natural VVER steam generators in 1980-1990. The recent experimental studies of the horizontal steam generator thermal hydraulics with the large number of measurements [13] formed the experimental data base for more thorough code validation and for analysis of the adequacy of the code correlations.
Brief Description of the Experimental Model
The PGV-1500 is a horizontal SG developed for new VVER-1500 reactor. Previously STEG code was validated in relation to the horizontal SG PGV-1000 of the VVER-1000 reactor.
The geometrical and thermal-hydraulic parameters of PGV-1500 significantly differ from the PGV-1000 parameters. In order to validate STEG in relation to the thermal-hydraulic phenomena listed above taking into account parameters of the PGV-1500, the experimental thermal-hydraulic model was constructed in OKB Gidropress (Russian Chief Designer of VVER reactors). General view of the experimental model is presented in Figure 1 . The model is a narrow slice of upper part of horizontal steam generator PGV-1500. The main parts of the model are heated (1) and nonheated (2) tube bundles with in-line arrangement, submerged perforated sheet (SPS) (3) with bead (4) near non-heated tube bundle and steam separation perforated sheet (SSPS) (5) . The diameter of the SPS and SSPS orifices and the distances between these orifices are the same as in the reference steam generator PGV-1500. The diameter of the tubes in the tube bundles and the distances between the tubes in the horizontal and vertical direction are the same as in the reference steam generator. The height of the bundles in the model is smaller than the height of the bundles in the reference steam generator. In order to simulate the steam generation in the lower part of the steam generator bundles, steam is supplied under the model tube bundles. The model is installed in the highpressure vessel.
The following thermal-hydraulic parameters were measured at the model: The accuracy of the pressure differences measurement was 0.5%, and the accuracy of the water temperature measurements was 2.4
• C. The general scheme of the void fraction measurements is presented in Figure 2 . The average value of the void fraction in the certain area of the downcomer was obtained according to the pressure drop between the appropriate points. For example, the average void fraction in the lower area of the left downcomer was obtained according to the pressure drop between the point 8 and 7, for the central area according to the pressure drop between the points 7 and 6, and for the upper area according to the pressure drop between the points 6 and 5. The values of the average void fractions in the central, right downcomer, in the area between the SPS bead and SG wall, were obtained by the similar method. The void fractions under the SPS were obtained according to the pressure drop measurements between the points 18 and 19, 20 and 21, and 22 and 23.
Nine tests were performed at the model. All of them are divided into three cases: More thorough description of the experimental model is presented in [13, 14] .
Brief Description of the STEG Code
The mathematical model of the STEG code is based on the methods of the multiphase flow dynamics [10] . Two-velocity two-temperature three-dimensional nonsteady model of steam-water mixture is used. The mass, momentum, and energy conservation equations are formulated for water and steam. The steam generator tube bundle is simulated with the model of the porous media.
The mass conservation equations are
The momentum conservation equations are
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where
The energy conservation equations are
where subscripts l, v appropriates to water and steam, respectively, α is volume fraction, ρ 0 is density, Constitutive relations for interfacial friction and heat exchange are based on the map of the flow regimes. The heat flux from primary to secondary one is assigned as boundary condition. The simulation of the friction of the steam-water flow with the tube bundles was based on the correlations [15] . This friction was divided among the water and steam according to their volume fractions. The finite-difference semi-implicit numerical method is used to integrate the governing equations. More thorough description of the STEG code is presented in [7, 8, 12] .
Numerical Simulation of the Experimental Regime with STEG
The paper contains analysis of experimental regime in which the steam-water flow was induced by the steam supply under the tube bundles of the model. The calculation grid 42 × 1 × 46 (number of control volumes along the length, width, and height of the model) was used. It should be mentioned that in fact 2D nodalization scheme was used for simulation, because thermal-hydraulic processes along the width of the narrow slice model of the PGV-1500 were negligible. This grid was chosen on the basis of the experience of the similar calculations. Nodalization of the SG model is presented in Figure 3 . Two comparative calculations were carried out. In the first one, the interfacial friction was described by the TRAC correlations [2] , in the second one, with the help of the correlations [16] .
TRAC interfacial friction coefficient [2] is chosen based on the flow regime: bubbly-slug, annular-mist, stratified flow, and the transitions among them. The key parameters in the determining flow regime are the local total mass flux and the void fraction. The interfacial friction force per unit volume for bubbly-slug flow regime is expressed in the form
where C D is interfacial friction coefficient, D p is bubble diameter, and P s is profile slip factor. The interfacial friction coefficient C D is defined as follows: 
where Re is the Reynolds number. The bubble diameter is defined as a function of the Laplace coefficient and the channel hydraulic diameter.
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The profile slip factor is included to account for the migration of bubbles toward the higher-velocity region of the channel. The profile slip factor is defined as
for
where V r is the relative velocity.
In the annular-mist flow regime, the total interfacial drag force is assumed to be a superposition of the separate drag forces caused by the entrained droplets and the annular film
where − → F id and
− →
F ia represent the drag forces caused by the droplet field and the annular film, respectively.
The interfacial friction force caused by the annular film is calculated as
where τ f is the interfacial shear. The interfacial area per unit volume a if is
where C an is a roughness parameter to account for waviness in the film. In the above equation, the area fraction of the droplets α d is calculated as the ratio of the water and steam superficial velocities ( j l and j v ) multiplied by the entrainment E
The entrainment E in turn is based on the correlation of Kataoka and Ishii
We d is the droplet Weber number, Re l is the liquid Reynolds number. The shear force τ f is calculated from
where ρ c is the density of the steam/droplet core and f i is the interfacial friction factor. The interfacial friction force caused by the entrained droplet field is calculated as
In the above equations, C D is the droplet friction coefficient, r sm is the Sauter mean radius, r d is the droplet radius, V d is the droplet velocity, and α d is the area fraction of the droplet (as defined above). The droplet friction coefficient is estimated as
where Re d is the droplet Reynolds number. In the transitions among the regimes, the interfacial drag coefficient is calculated as a weighted average of appropriate drag coefficients. Detailed description of the TRAC model is presented in [2] .
A set of two gas-liquid interfacial friction correlations was proposed in [16] for application to steam-water flows across tube bundles. The interfacial friction force per unit volume is expressed in the form 
For α v > 0.3, which correspond to churn-turbulent flow, a new correlation is proposed with the same functional form, as the CATHARE code correlation [18] ,
The oscillating behavior of the thermal hydraulic parameters was observed in the experiment. The average value of the void fraction, the difference between maximum and minimum values of the void fraction, and standard deviation of the measurement were presented in the experimental report for each void fraction measurement. Unfortunately, time dependencies of the experimental void fractions were not presented in the report. It should be mentioned that the difference between maximum and minimum values of the void fraction for some measurements was comparable with the average value of the void fraction. The oscillating behavior of the void fractions was observed in the simulation too. As an example, the value of the void fraction in the upper part of the central downcomer is presented in Figure 4 which was obtained in the calculation with the use of the TRAC correlations (5)- (17) . The presented value is already averaged in space in the area among points 1 and 2 ( Figure 2 ). The calculation was carried out for 50 seconds. Up to this time, the behavior of all void fraction dependencies could be characterized as quasi-steady-state oscillations near average value. The period of time from 40 to 50 seconds was used for averaging the value in time. At first, let us consider the steam-water flow pattern observed in the experiment. In the area between tube bundles and submerged perforated sheet, the void fraction ϕ was in the range 0.3-0.5. In the upper part of the central downcomer, the void fraction was approximately 0.3, while in another part of the downcomer, lower than 0.1.
In the upper and lower parts of the left downcomer, the void fraction was 0.25-0.3. In the central part of this downcomer this parameter was lower than 0.1. In the central and upper part of the right downcomer the void fraction was 0.15-0.2, and in the lower parts it was lower than 0.1.
In the area between the SPS bead and SG wall practically only water was observed (ϕ < 0.03). In the upper part of this area, the void fraction was 0.36.
The collapsed level above the SPS was 0.13 m above the left tube bundle, and 0.124 m above the right one.
Thus, large amount of water in the downcomers was observed in this experimental regime. In the area between the SPS bead and SG wall, only water was observed.
The comparison of the calculated and experimental void fractions in the central downcomer is presented in the Figure 5 . It could be seen that the calculation results obtained with the use of the interfacial friction model (18)- (21) are worse than the results obtained with the use of the model (5)- (17) .
The comparison of the calculated and experimental void fractions in the left downcomer is presented in Figure 6 . As in the case of the central downcomer, the calculation results obtained with the use of the interfacial friction model (18)-(21) are worse than the results obtained with the use of the model (5)- (17) .
The comparison of the calculated and experimental void fractions in the right downcomer is presented in Figure 7 . As in the case of the central and left downcomer, the calculation results obtained with the use of the interfacial friction model (18)- (21) are worse than the results obtained with the use of the model (5)- (17) .
The comparison of the calculated and experimental void fractions in the area between the SPS bead and SG wall is presented in the Figure 8 . The calculation results obtained with the use of the interfacial friction model (5)- (17) are in a good agreement with experimental ones, while use of the model (18)-(21) leads to qualitatively incorrect results (in this calculation, the steam-water mixture is observed in the area between the SPS bead and SG wall).
The comparison of the calculated and experimental void fractions under the SPS is presented in Figure 9 . It could be seen, that the calculation results obtained with the use of the interfacial friction model (18)- (21) are worse than the results obtained with the use of the model (5)- (17) .
The comparison of the calculated and experimental collapsed level above SPS is presented in Table 1 . The same trend is observed-the use of the model (18)- (21) The results presented above are illustrated by twodimensional distributions of the void fractions in Figure 10 . In the calculation with the use of the correlations (5)- (17) the void fraction in the tube bundles is significantly higher than in the downcomers. In the area between SPS bead and SG wall the void fraction is very low. The calculation results obtained with the use of the correlations (5)- (17) are in a good qualitative agreement with experimental ones.
The calculation results obtained with the use of the correlations (18)-(21) significantly differ from the experimental results. The void fraction distribution is practically uniform in the model except lower section, while in the experiment this parameter was significantly different in the different areas of the facility. (5)- (17) and (18)-(21). (17) and (18)-(21). (5)- (17) and (18)-(21). (5)- (17) and (18)-(21).
Conclusions
PGV-1500 [13, 14] were fulfilled with 3D thermal hydraulic code STEG with the use of the interfacial friction correlations (18)-(21) and TRAC interfacial friction correlations (5)- (17). 
